The authors previously reported the isolation and partial characterization of a periplasmically located dihydrolipoamide dehydrogenase (LPD) from the cyanobacterium Synechocystis sp. strain PCC 6803. In the present work the gene (IpdA; database accession number 248564) encoding the apoprotein of this LPD in Synechocystis PCC 6803 has been identified, sequenced and analysed. The IpdA gene codes for a protein starting with methionine, which is post-translationally removed. The mature protein contains an N-terminal serine and consists of 473 amino acids with a deduced molecular mass of 51 421 Da (including one FAD). The LPD is an acidic protein with a calculated isoelectric point of 5-17. Comparison of the amino acid sequence of the Synechocystis LPD with protein sequences in the databases revealed that the enzyme shares identities of 31-35% with all 18 LPDs so far sequenced and published. As a first step in determining the role of this cyanobacterial LPD, attempts were made to generate an LPD-free Synechocystis mutant by insertionally inactivating the IpdA gene with a kanamycin-resistance cassette. However, the selected transformants appeared to be heteroallelic, containing both the intact IpdA gene and the IpdA gene inactivated by the drug-resistance cassette. The heteroallelic mutant studied, which had about 50% of the wildtype LPD activity, caused acidification of the growth medium. Growth over a prolonged time was only possible after an increased buffering of the medium. Since it is reported in the literature that inactivation of the pyruvate dehydrogenase complex (PDC) leads to acidosis, a function of the LPD in a cytoplasmic-membrane-associated PDC is conceivable.
INTRODUCTION
Dihydrolipoamide dehydrogenase (dihydrolipoamide : NAD' oxidoreductase, EC 1.8. 1.4; LPD) belongs to the enzyme family called pyridine nucleotide disulfide oxidoreductases (Williams, 1991) , which consist of lipoamide dehydrogenase (Williams, 1976 ; Carothers et t Present address: Universitat Tubingen, Mikrobiologie/Biotechnologie, 72076 Tubingen, Germany.
Abbreviations: LPD, dihydrolipoamide dehydrogenase; PDC, pyruvate dehydrogenase complex.
The GenBank accession number for the sequence determined in this work is 248564. al., 1989) , glutathione reductase (Schulz et al., 1978; Schirmer & Schulz, 1987) , mercuric reductase (Fox & Walsh, 1982) , thioredoxin reductase (Williams, 1976) and trypanothione reductase (Shames et al., 1986) . These enzymes catalyse the electron transfer between pyridine nucleotides and disulfide compounds. All of them contain flavin and two redoxactive cysteines.
LPD is functionally involved in three multienzyme 2-0x0 acid dehydrogenase complexes (pyruvate dehydrogenase, 2-oxoglutarate dehydrogenase and branched-chain 2-0x0 acid dehydrogenase complexes) which catalyse the oxidative decarboxylation of 2-0x0 acids (Williams, 1976) . LPD is also a component of the glycine cleavage multienzyme complex (Kikuchi & Hiraga, 1982 A. ENGELS a n d E. K. PISTORIUS guignon et al., 1992) . Besides the well-studied LPDs in the three 2-0x0 acid dehydrogenase complexes and the glycine cleavage system, LPDs are present in some archaeobacteria (Danson et al., 1986 ; Danson, 1988) and parasites (Danson et al., 1987; Danson, 1988; Jackman et al., 1990; Else et al., 1993) in which the above-mentioned multienzyme complexes are absent.
The function of these LPDs has remained uncertain. O n the basis of results with Escherichia coli, which contains a cytoplasmic-membrane-associated LPD besides the LPD in the three 2-0x0 acid dehydrogenase complexes (Richarme & Heine, 1986) , it was suggested that cytoplasmic-membrane-associated LPDs might have a fundamental role in membrane processes, such as transport of solutes into and out of the cell (Danson, 1988) .
Previously, we reported on an LPD in the cyanobacterium Synechocystis sp. strain PCC 6803 (Engels et al., 1997) . In many respects this LPD belongs t o the class of typical LPDs. It contains noncovalently bound FAD, it is a homodimer of 105 kDa and the N-terminus shows significant homologies to the N-termini of other LPDs so far sequenced and also other pyridine nucleotide disulfide oxidoreductases. Immunocytochemical investigations gave evidence that the enzyme is present in the periplasmic space, between the cytoplasmic membrane and the peptidoglycan layer. The only other report on an LPD in a cyanobacterium is that by Serrano (1992) , who isolated and characterized an LPD from the filamentous Anabaena sp. strain PCC 7119. The function of LPDs in cyanobacteria has so far remained uncertain. Serrano (1992) suggested that the LPD in Anabaena might be involved in a glycine cleavage system. O n the other hand, Bothe & Nolteernsting (1975) Williams, 1988 ) was a kind gift of Professor M. Rogner, Ruhr-Universitat Bochum, Germany. Both wild-type strains and the heteroallelic mutant constructed in this paper were grown as previously described in BGll medium with slight modifications (Engels et al., 1997) . Growth of Synechocystis on agar plates was in BGll medium (with slight modifications as above) containing 1 '/o (w/v) agar (Gibco-BRL). When indicated, 10 pg ampicillin ml-l and/or 20 pg kanamycin ml-l were added to the growth medium. DH5aMCR (Grant et al., 1990 ) was cultivated at 37 "C in LB medium (Miller, 1972) or on PA plates containing, in 1 1 distilled water, 17-5 g antibiotic medium no.
Escherichia coli
3 (assay broth, Oxoid) and 16.0 g bacteriological agar (Oxoid). Where indicated, antibiotics were added at the following concentrations : 150 pg ampicillin ml-l and 50 pg kanamycin ml-l.
Cell breakage and isolation of the membrane fraction. In general, all Synechocystis PCC 6803 cell types were grown for 2 d, harvested by centrifugation and washed once in distilled water. Cells were then resuspended in HMCGS [50 mM HEPES/NaOH, pH 6.5, containing 30 mM CaCl,, 10 mM MgCl,, 1 M sucrose, 25% (w/v) glycerol, 25 pM Pefabloc (Merck), 1 mM benzamidine hydrochloride (Merck), 1 mM Eaminocapronic acid (Merck) and benzonase (04 units rnl-', Merck)] to give a final chlorophyll concentration of 0-3-0-4 mg ml-l. Cell breakage was performed according to the method of Burnap et al. (1989) in a Bead Beater (Biospec Products). The membrane fraction, containing the thylakoid, cytoplasmic and outer cell membranes, was separated from the soluble protein fraction by centrifugation for 45 min at 95000 g and was then resuspended in HMCG (HMCGS from which sucrose was omitted) to a final chlorophyll concentration of 1 mg ml-l.
E. coli DH5aMCR was grown to a cell density corresponding to an OD,8o of 0-6-0.8, harvested by centrifugation, resuspended in 29 mM Tris/HCl, pH 7.5, and subsequently broken by treatment in a French press at 138 MPa. The soluble protein fraction from the periplasm fraction and the spheroplast fraction were isolated according to the procedure of Block & Grossman (1988) .
LPD activity measurements, protein determination, chlorophyll determination, SDSPAGE and immunoblotting. LPD activity was determined basically according to Serrano (1992) . This assay is based on measurement of the rate of NADH oxidation at 25 "C in the presence of a disulfide substrate for the LPD. The reaction was monitored by the decrease in A,,,. The reaction mixture contained, in a final volume of 1 ml: 100 pmol Tris/HCl, pH 7.0, 3 pmol DL-lipoamide (DL-6,sthioctic acid amide ; added in 30 p1 dimethylsulfoxide/acetone, 1 : 1, v/v), 0.5 pmol EDTA, 10 pmol 2-mercaptoethanol, 0.2pmol NADH and an adequate amount of enzyme. One unit of enzyme is defined as the amount which catalyses the oxidation of 1 pmol NADH min-l at 25 "C under the above conditions.
Protein was determined according to Smith et al. (1985) and chlorophyll according to Grimme & Boardman (1972) . SDS-PAGE was performed according to Laemmli (1970) . Protein samples for SDS-PAGE were denatured at 37 O C for 30 min. Immunoblotting was done as previously described, transferring proteins to nitrocellulose (Schleicher & Schull) and using the antibody raised against the isolated LPD from Synechocystis PCC 6803 (polyclonal antibody raised in a rabbit; Engels et al., 1997) . Oligonucleotide synthesis. The following oligonucleotide was designed on the basis of a partial N-terminal amino acid sequence (residues 2-7) of the LPD from Synechocystis PCC 6803 previously published (Engels et al., 1997) , utilizing a codon usage dictionary of Synechocystis PCC 6803 : 5'-CA A/G GA T/C T T T/C GA T/C TA T I C GA-3'. The oligonucleotide was synthesized with an Applied Biosystems Dihydrolipoamide dehydrogenase in Synechocystis DNA synthesizer model 380B using the phosphoramidite method (Beaucage & Caruthers, 1981; Matteucci & Caruthers, 1981) and purified as recommended by the manufacturer. The oligonucleotide was labelled with the DIG (digoxigenin) oligonucleotide 3' end-labelling kit and detected with the DIG DNA labelling and detection kit (Boehringer Mannheim).
DNA isolation, cloning, sequencing and analysis. Total DNA of Synechocystis PCC 6803 was isolated by the Sarkosyl method and purified by the phenol extraction procedure (Williams, 1988; Sambrook et al., 1989) . DNA was digested with EcoRI and size-fractionated on agarose gels. Recovery of the fragments was achieved by using the Jetsorb gel extraction kit from Genomed. The size-fractionated fragments of total DNA were cloned into EcoRI-linearized vector plasmid pSVB30 (Arnold & Puhler, 1988) . The details of plasmid construction (pSVB30 derivatives) are given in Fig. 1 .
Cloning procedures, Southern blotting, and recombinant DNA methods were performed using established techniques (Sambrook et al., 1989) . Subclones of the resulting hybrid plasmid were made by using the Pharmacia double-stranded nested deletion kit. These subclones were used for sequencing on an ALF Sequencer (Pharmacia). The enzymes used in this study were purchased from Boehringer, Bethesda Reseach Laboratories or Pharmacia. All reactions were performed following the recommendations of the corresponding manufacturer. Computer analysis. Nucleic acid sequences were analysed using the Staden Software package (Staden, 1986) . The deduced protein sequence was analysed using the program PC/Gene (Release 6.80,1993 ; IntelliGenetics) . Related protein sequences were searched for in the SWISS-PROT, PIR and GenBank databases with the BLAST software (Altschul et al., 1990 ).
Construction of Synechocystis PCC 6803 mutant with an insertionally inactivated /@A gene. T o inactivate the lpdA gene, a 2.6 kb PstI-EcoRI fragment of plasmid pAE38 carrying the 1pdA gene cloned into vector plasmid pSVB30 was chosen ( Fig. la, b) . For insertional inactivation of the lpdA gene a 2.3 kb SspI fragment from plasmid pWJ31 (a kind gift from Dr W. Jager, Lehrstuhl fur Genetik, Universitat Bielefeld ; unpublished results) was used. This DNA fragment carries a gene from Tn5 which codes for an aminoglycoside-3'-phosphotransferase mediating resistance to kanamycin and neomycin (Jorgensen et al., 1979) . This fragment was cloned into the single HpaI site of the lpdA gene (905 bp downstream of the start codon). Subsequently, the construct was transferred to E. coli DHSaMCR, and clones with the interrupted lpdA gene were identified by screening for double resistance (ampicillin resistance encoded by the vector; kanamycin resistance encoded by the Tn5 fragment) and subsequent restriction analysis. Detection was achieved with the synthetic oligonucleotide. This resulted in clones containing the kanamycin-resistance gene inserted either in the same or in the opposite direction as the lpdA gene. Only the construct carrying the kanamycin-resistance gene in the same direction as the lpdA gene successfully transformed Synechocystis. This plasmid was called pAE26KmR (7.2 kb) (Fig. lc) . The further protocol for construction of the Synechocystis mutant was basically the same as previously described for construction of an MSP-free Synechocystis PCC 6803 mutant (Engels et al., 1994) .
RESULTS A N D DISCUSSION ldentif ication and characterization of the gene encoding the LPD from Synechocystis PCC 6803
The gene encoding the LPD from Synechocystis sp. strain PCC 6803 was detected by a n oligonucleotide designed o n the basis of part of a n N-terminal amino acid sequence of the enzyme (Engels e t al., 1997) in Southern hybridization experiments. Analysis of Synechocystis total DNA digested with different restriction enzymes revealed the presence of a single copy of the putative gene (Fig. 2) . A 3-8 kb EcoRI fragment was cloned in the vector pSVB30, yielding pAE38 (Fig. l a ) .
A 2609 b p (PstI-EcoRI) fragment (Fig. lb) containing a n ORF (ORF2) a n d the lpdA gene (ORF1) was subcloned and sequenced (database accession number 248564). ORF2 starts a t base position 262 with a n ATG start codon a n d terminates a t base position 801 with a T A A stop codon. No significant homologies t o other so far sequenced proteins were found, a n d 
Homology analysis
Comparison of the amino acid sequence of the LPD from Synechocystis PCC 6803 with protein sequences in the Protein Information Resource database revealed that the protein has similarities to enzymes belonging to the group of pyridine nucleotide disulfide oxidoreductases, especially to all LPDs so far sequenced. In Table 1 Fig. 3 . The similarity between the primary structures of these two LPDs occurs in all four domains defined in pyridine nucleotide disulfide oxidoreductases (Carothers et al., 1989) on the basis of those oxidoreductases for which a threedimensional structure has been proposed, as for example for the LPDs from Pseudomonas fluorescens (Mattevi et al., 1993) , Pseudomonas putida (Mattevi et al., 1992) and Azotobacter vinelandii (Mattevi et al., 1991) , or for the glutathione reductase from human erythrocytes (Schulz et al., 1978) . Those Unusual for an LPD is the finding of a valine in position 44 after the first active cysteine in the Synechocystis enzyme. All other LPDs have a conserved lysine in this position (Mattevi et al., 1993) . So far, only glutathione reductases have been shown to possess a valine in this position (Schulz et al., 1978) . However, as in all other LPDs, a cysteine in position 77 is missing in the Synechocystis LPD. Such a cysteine is present in glutathione reductase, in which the two subunits are linked covalently by this cysteine, while the subunits in LPDs are not linked covalently. As expected, and as is the case for all other LPDs, within the NAD(P)-binding domain of oxidoreductases the basic amino acid residues which are involved in binding of the 2' phosphoryl group of NADP (for example A207, H219 and R224 in the human glutathione reductase) are replaced by neutral amino acids in LPDs (A207, L208 and P213 in the Synechocystis enzyme). This region of sequence is likely to be important in discriminating between NAD (cofactor of LPD) and NADP (cofactor of glutathione reductase and mercuric reductase). In the C-terminal region in position 458 the active histidine is found which according to Holmes & Stevenson (1986) is essential for binding of the lipoyl group in the neighbouring transacetylase. This comparison shows that identity or conservative substitution of amino acids is especially notable for residues which are essential for binding the two cofactors (FAD and NAD), which are catalytically active or located close to the active centre, or which contribute to the interaction between the two subunits. The homologies are not restricted to these active-site regions but extend throughout the protein sequence, and only a few gaps had to be introduced to optimize the alignment. substantially shorter than in the other LPDs (Fig. 4) . On the basis of mutant studies with the LPD from Pseudomonas fluorescens (Mattevi et al., 1993) , this region is assumed to contribute to the dimer and redox stability of the enzyme. Moreover, two sequences with polar amino acids exist in the Synechocystis LPD (region 308-312: I, K, D, G, K and region 379-382: L, G, E, K) which are not found in any other of the LPDs so far sequenced. By comparing the primary structure of the Synechocystis LPD with the known three-dimensional structure of the LPD from P. fluorescens (Mattevi et al., 1993) , a possible location between the P-sheets A5 and A6 and between the a-helix 4.8 and p-sheet E3 can be suggested. Alterations in these regions should result in a modification of loop 5 , which is assumed to be involved in the association of the P. fluorescens LPD with the transacetylase (Mattevi et al., 1993 lc) we first tried to transform Synechocystis PCC 6803 (a strain which is not able to grow on glucose under photoheterotrophic conditions). However, we were not successful in obtaining transformants using either a natural transformation system, electroporation or transformation after CaCl, treatment of the cells. Therefore, at this stage we switched to the glucose-tolerant strain Synechocystis PCC 6803 GluT, which is able to grow on glucose under photoheterotrophic conditions (Williams, 1988) . From all information so far available in the literature, these two Synechocystis strains are otherwise identical. The hybridization pattern of genomic DNA from these two strains after treatment with various restriction enzymes was identical (not shown). Transformation of CaC1,-treated Synechocystis PCC 6803 GluT cells with pAE26KmR resulted in KmR ApS transformants. Ninety-five percent of the single colonies had lost the vector-encoded ampicillin resistance, which implies that the desired double recombination event had occurred and that only the cyanobacterial DNA containing the internal drug resistance cassette had integrated into the genome. In an attempt to achieve segregation, repeated subculturing was performed. For this purpose five of the above colonies were transferred to liquid B G l l medium containing kanamycin and Fig. 2 ).
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As shown in Table 3 , the mutant had detectable levels of LPD activity, but the activity was only about half that of wild-type cells. The same conclusion could be drawn from the Western blot (Fig. 5) If such an accumulation of mono-and dicarboxylic acids should occur in the mutant as a consequence of a limited PDC activity, then it is likely that these metabolites are partially excreted into the medium, causing the observed acidification. An accumulation of acidic metabolites as a consequence of inactive 2-oxoacid dehydrogenases, leading to various forms of metabolic acidosis, has Dihydrolipoamide dehydrogenase in Synechocystis already been described in the literature (Robinson et al., 1977; Yeaman, 1986; Pate1 et al., 1995) .
Very little is known about the function of PDC in cyanobacteria. Bothe & Nolteernsting (1975) described an NAD-dependent pyruvate dehydrogenase activity in Anacystis nidulans, but the enzyme was not further investigated. Since higher-plant chloroplasts contain a PDC (Taylor et af., 1992; Camp & Randall, 1985) and since it is assumed that chloroplasts have evolved from cyanobacteria (or from a precursor form of cyanobacteria) (Douglas, 1994) , the presence of a PDC in at least some cyanobacteria is very likely. The inability to clearly detect such a PDC by activity measurements in cyanobacteria might be related to an unusual location of the LPD (and possibly of the total PDC). Our immunocytochemical investigations with Synechocystis PCC 6803 (Engels et al., 1997) have indicated that the LPD is located between the cytoplasmic membrane and the peptidoglycan layer, implying that the LPD is associated with the outer (and not with the inner) side of the cytoplasmic membrane. It is well documented in the literature that PDCs can be found associated with the NADH : ubiquinone oxidoreductase (complex I) of the respiratory system of the mitochondria1 inner membrane (Sumegi & Srere, 1984) . However, if in Synechocystis PCC 6803 such an association of the suggested PDC with the respiratory system might exist, then at least the LPD is located on the periplasmic side of the cytoplasmic membrane. Possibly, the low and hardly measurable PDC activity in broken Synechocystis cells could be explained by assuming that a partial dissociation of the PDC from the membrane occurs and that optimal activity is only obtained when a tight interaction of the PDC with the membrane is maintained. This aspect requires further investigation.
The essential nature of the LPD (which is probably a constituent of an unusual PDC) implies that under photoautotrophic growth conditions Synechocystis PCC 6803 has no functional pyruvate: ferredoxin (or flavodoxin) oxidoreductase, as described for several Anabaena species (Schmitz et al., 1993; Bauer et al., 1993) , although comparative DNA sequence analysis revealed that a homologue DNA sequence to such an enzyme is present. Basepairs 3 128 396-3 131 985 of the Synechocystis PCC 6803 genome (database accession number ~110741) have 69 % identity to the nif] gene of Anabaena sp. 7120 (accession number L14925), which, however, is expressed during iron starvation only (Bauer et al., 1993 ).
In conclusion, our results showing that LPD is an essential enzyme in Synechocystis PCC 6803, and that a reduced LPD activity leads to an acidification of the culture medium, suggest that the LPD is a constituent in a PDC. This interpretation is supported by the identifi- functions in a PDC, the localization of the E l and E2 enzymes of a PDC has to be investigated.
